Abstract The main functions of the kidney are to excrete metabolic waste products and actively reabsorb essential molecules such as amino acids, ions, glucose and water. In humans, a wide range of genetic disorders exist characterized by wasting of metabolically important compounds. At the cellular level, more than 20 highly specialized renal epithelial cell types located in different segments of the nephron contribute to the reabsorption process. In particular, proximal tubular cells play a crucial role and are uniquely adapted to maximize reabsorption efficiency. They accommodate high numbers of transporters and channels by increasing the apical surface area in contact with the primary filtrate by forming a brush border as well as undergoing hypertrophy and hyperplasia. This adaptation is evolutionarily conserved and is detected in the primitive pronephric kidney of fish and amphibians as well as the metanephric kidney of higher vertebrates. Surprisingly, signaling pathways regulating these three processes have remained largely unknown. Here we summarize recent studies that highlight the early phases of kidney development as a critical juncture in establishing proximal tubule size.
Introduction
The kidney is the primary organ involved in filtering metabolic waste products from the blood and excreting them (Fig. 1) . The most obvious solution toward waste secretion is a mechanism that actively transports all unwanted compounds into the urine. Whereas this process is theoretically possible, it would require ab initio knowledge of any molecule that needs to be eliminated from the body. As this is rather unfeasible, the kidney has adapted an alternative mechanism: The primary filtrate is produced by passive diffusion across the glomerular basement membrane (GBM) and the glomerular slit diaphragm. This size and charge barrier allows passage of any molecule with a Stokes diameter slightly smaller than a single albumin protein [1] . Subsequently, all compounds that need to be retained (i.e., amino acids, ions, glucose and water) are actively recovered during their passage through the nephron, the functional unit of the kidney. In a healthy individual, everything that enters the bladder is either toxic or of no physiological value.
Such a mechanism requires that the nephron is highly efficient in its reabsorption dynamics. This is achieved by two means. The first is adjustment of the flow rate through the nephron and maximization of uptake dynamics (Fig. 1) . Flow rate in the nephron is determined by blood pressure, which in turn directly regulates the glomerular filtration rate (GFR). To maintain a constant GFR, blood pressure is adjusted by a feedback mechanism between the vasculature in the glomerulus and the macula densa cells present in the distal convoluted tubule. This juxtaglomerular apparatus senses the reabsorption efficiency and secretes renin to lower intrarenal blood pressure [2] . The second means is to increase uptake efficiency. This is directly dependent on the number of channels and transporters present on the surface of renal epithelial cells. In particular, proximal tubules, which reabsorb the majority of biomolecules, electrolytes, and water, increase the surface area exposed to the primary filtrate to accommodate a very large number of channels and transporters. This is achieved by three cellular mechanisms: hypertrophy, hyperplasia, and formation of an apical brush border (Fig. 2) . Interestingly, little is known about how these three processes are regulated at the cellular level, and here we review current understanding of the topic. Due to space constraints, we focus on data from humans and mice. In addition, we will discuss data from the amphibian pronephros as an established model for nephron development and how it can assist in revealing the underlying molecular mechanisms.
Apical brush border
Formation of microvilli, finger-like cytoplasmic protrusions, is a common adaptation that disproportionally increases the apical surface area of a cell. Microvilli are characterized by a core of actin bundles that are linked to the apical domain by a horizontal array of actin filaments called the terminal web. While present in a wide range of cell types, they are particularly abundant in the resorptive epithelia of the intestine and proximal tubules of the kidney, forming a so-called brush border. Patients lacking microvilli (Diarrhea 2 with microvillus atrophy, MVID, OMIM#251850) demonstrate that the enrichment of enzymes and transporters in microvilli is vital; therefore, these patients are unable to reabsorb nutrients from ingested food and thus require total parenteral nutrition throughout life [3, 4] . At the molecular level, this disease is caused by mutations in MYO5B, a myosin motor protein involved in the trafficking of apical and basolateral proteins [5] .
In respect to the brush border of the kidney, even less is known. It is generally accepted that the overall transport mechanisms are similar to those of the intestine [6] , yet there are no animal models lacking proximal tubular brush borders. In fact, the MVID mouse model lacking the Myo5B interactor Rab8 has intestinal microvillus atrophy but rather normal proximal tubules [7] . The main indication for their importance in reabsorption originates from the description of Fanconi renotubular syndrome 1 (FRTS1, OMIM #134600), which is characterized by decreased solute and water reabsorption in the proximal tubule of the kidney [8] . In fact, one case report demonstrates widespread absence of brush borders in proximal tubules [9] . However, the causative mutation for FRTS1
has not yet been identified, and it is still unclear whether the disease is caused by the absence of the proximal tubular brush border or is due to some other underlying condition. Thus, to really address the contribution of the brush border in reabsorption, it will be necessary to specifically ablate the proximal tubular brush border in mice and assess its consequences on kidney function. Moreover, it is noteworthy that in contrast to hyperplasia and hypertrophy (see below), exaggerated brush-border formation does not seem to be a compensatory mechanism for nephron loss.
Hypertrophy
An alternative mechanism for expanding the apical surface area of renal epithelial cells is hypertrophy. This is caused by an increase in protein and RNA levels in the absence of DNA replication [10, 11] . The main support for the role of hypertrophy in the kidney is provided from studies on compensatory renal growth due to reduced kidney mass. Hypertrophy serves as a biological adjustment to cope with the extra workload and to retain the kidney's function. The remnant kidney increases its mass by virtue of hypertrophy, even in the absence of proliferation [10, [12] [13] [14] [15] . Hypertrophy can be a result of genetic disorders (e.g., papillorenal syndrome- Inset (e) brush border of an individual proximal tubular cell containing multiple transporters and channels present in the individual microvilli. Arrows active reabsorption process occurring between the primary filtrate and the cell OMIM #120330-a disease caused by a heterozygous mutation in Pax2 resulting in renal hypoplasia) or as a consequence of injury, e.g., unilateral nephrectomy or ischemia. At the molecular level, renal epithelial cells undergo cyclindependent kinase-inhibitor p21-dependent cell-cycle arrest at the G1 phase [16, 17] . Concurrently, those cells increase their protein content, which-at least in part-is controlled by the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway [18, 19] . This process is reversible, and transplantation of an additional kidney converts the hypertrophic kidney back to its normal size and functional state [14] . Interestingly, the actual trigger that senses this increased workload and initiates hypertrophy is still unknown. Whereas several endocrine mediators [e.g., insulin-like growth-factor 1 (IGF1), vascular endothelial growth factor (VEGF), and endothelial growth factor (EGF)] have been proposed, none has yet been conclusively linked to compensatory renal growth [20] . Hypertrophy has also been suggested to play an instrumental role in the development of glomeruli and proximal tubules [11, 21, 22 ]. Yet, an in depth analysis of this process and its underlying mechanism remains lacking. The process has to be different from compensatory renal growth, as renal epithelial cells in normal kidneys are arrested in the G0 phase of the cell cycle and not in G1, as in the case of injury [23] .
Hyperplasia
The third option to maximize the surface area in contact with the primary filtrate is to increase the number of cells present in a nephron (Fig. 2) . In fact, proliferation plays a highly important role in early kidney development. It is the basis of the dramatic increase in its overall size as waves of nephrons are formed and undergo expansion and terminal differentiation [24] [25] [26] . De novo nephrogenesis ceases due to depletion of nephron precursor cells present in the metanephric cap mesenchyme (around birth in mice and at 36 weeks of gestation in humans) [27] [28] [29] . Proliferation in the kidney, however, continues until all the nephrons have attained their final size and organogenesis has been completed [30] . This occurs in the mouse around postnatal day P12-P14, when the number of proliferating Ki67-positive cells dramatically decreases [23] . An adult kidney is normally devoid of any proliferating cells unless it is injured. In this case, cells re-enter the cell cycle and replenish the lost cells to regain tubular integrity [31, 32] , and it seems most logical that nephron function is suspended or slowed down until the repair process is completed.
This, as well as determining the molecular triggers of the repair process, are still open questions. One particular feature is the inherent growth capacity of renal epithelial cells and not a recruitment of stem cells [31] . Interestingly, this growth is tightly controlled. As soon as the injury has been repaired, cells exit the cell cycle and become dormant once again. This tight regulation is of utmost importance, as uncurbed proliferation can cause diseases such as renal cell carcinoma, polycystic kidney disease, and tuberous sclerosis [33] [34] [35] .
Interestingly, with the exception of the loop of Henle, limited information is available for the spatiotemporal distribution of proliferating cells in vivo [36, 37] . This is to a large extent due to technical difficulties in visualizing and staging entire nephrons. In the absence of 3D nephron reconstruction, it is challenging to determine whether proliferation is confined to specific growth domains or is stochastic. Similarly, it is nearly impossible to determine the age of a single developing nephron, as nephron development in the metanephric kidney is not synchronous but continuous, with new nephrons arising in the cortical region and more mature nephrons residing more internally.
One alternative to study the contribution of proliferation in nephron development is the more primitive pronephric kidney of Xenopus or zebrafish. This kidney form consists of a pair of bilateral nephrons that develop synchronously and are readily accessible for imaging [38] [39] [40] [41] [42] . Using the Xenopus model, we can demonstrate that proximal tubules must undergo a burst of proliferation to attain their final size (DR and OW, manuscript submitted). This process is regulated by mTORC1 signaling, a classic, evolutionarily, conserved, size-control pathway [43] [44] [45] . In fact, interfering with several steps activating mTORC1 signaling, the presence of insulin/IGF ligands, their trafficking and secretion via the endosomal compartment, and the clustering of activated insulin receptors in lipid rafts all result in stunted pronephric proximal tubules (manuscripts submitted and [46] ). As the pronephric kidney and individual nephrons of the metanephros are regulated in an evolutionarily conserved fashion [39, 47, 48] , it is highly likely that the same process holds true for the kidney of higher vertebrates. Moreover, this process is not limited to Xenopus. A recent report in zebrafish also indicates proliferation occurs in a proximal domain adjacent to the glomerulus in addition to growth in the pronephric duct and distal tubule [41] .
Coordination of brush-border development, hypertrophy, and hyperplasia As outlined above, consistent nephron physiology greatly depends on maximizing the luminal surface by brush-border development, hypertrophy, and hyperplasia (Fig. 2) . These three adjustments occur sequentially during the early phases of nephrogenesis and synergize to optimize reabsorption. However, they need to be established in a particular order. Brush-border formation only happens in post mitotic cells, as it requires a highly specialized apical domain that is exclusively present in terminally differentiated cells. Similarly, hypertrophy normally occurs in cell-cycle-arrested cells, as cytokinesis obviously counteracts the increase in cell size. The one noteworthy exception is acute kidney injury, where hypertrophy is used as a transient mode to maintain nephron integrity even in the presence of dying proximal tubular cells [15] . Finally, the relationship between brush-border development and hypertrophy is not yet understood. It could be interconnected, as both processes are dependent on an increase in lipid metabolism. Yet there are no data available that address such interconnectivity. Thus, the most likely scenario is that the proper nephron size is established by proliferation followed by hypertrophy in combination with brush-border formation.
The main outstanding question is how to identify the signal(s) that triggers and coordinates all three processes. mTORC1 signaling may be one of the crucial pathways. This hypothesis is based on our unpublished data from the Xenopus pronephros, but is also supported by studies in mice. Mutant mice with a conditional removal of Tsc1, a key inhibitory component of the mTORC1 pathway, develop polycystic kidney disease preceded by massive hyperplasia [49] . Other pathways, such as the Hippo signaling [50] or stiffness of the extracellular matrix [51] , are likely to contribute. In fact, Hippo signaling is important in kidney development and kidney disease [52] [53] [54] , but has not yet been implicated in size-control mechanisms of proximal tubules. We believe that the pronephric kidney will play an instrumental role in this characterization. All three processes-brush-border development, hypertrophy, and hyperplasia-are found in the pronephric proximal tubules [38, 55] . Moreover, experimental manipulation of the pronephros is efficient and versatile [39, 56] and will help to identify the underlying molecular mechanism(s). This will be important for understanding size-control mechanisms during normal nephron development. In addition, it will have wider implications on other organ systems, which also exhibit a sophisticated tubular architecture.
